A novel family of repetitive DNA sequences was molecularly cloned from ApaI-digested genomic DNA of two Galliformes species, Japanese quail (Coturnix japonica) and guinea fowl (Numida meleagris), and characterized by chromosome in-situ hybridization and filter hybridization. Both the repeated sequence elements produced intensely painted signals on the W chromosomes, whereas they weakly hybridized to whole chromosomal regions as interspersed-type repetitive sequences. The repeated elements of the two species had high similarity of nucleotide sequences, and cross-hybridized to chromosomes of two other Galliformes species, chicken (Gallus gallus) and blue-breasted quail (Coturnix chinensis). The nucleotide sequences were conserved in three other orders of Neognathous birds, the Strigiformes, Gruiformes and Falconiformes, but not in Palaeognathous birds, the Struthioniformes and Tinamiformes, indicating that the repeated sequence elements were amplified on the W chromosomes in the lineage of Neognathous birds after the common ancestor diverged into the Palaeognathae and Neognathae. They are components of the W heterochromatin in Neognathous birds, and a good molecular cytogenetic marker for estimating the phylogenetic relationships and for clarifying the origin of the sex chromosome heterochromatin and the process of sex chromosome differentiation in birds.
Introduction
The avian species are phylogenetically classified into two primary clades based on the palatal form, Palaeognathous birds (the Palaeognathae) and Neognathous birds (the Neognathae), which diverged at the first stage in the evolution of modern birds. Palaeognathous birds, the ratites and tinamous, are monophyletic, and all the remaining carinate species belong to Neognathous birds. This phylogenetic relationship of the two lineages has also been confirmed at the molecular level by DNAYDNA hybridization and analyses of nuclear and mitochondrial ribosomal RNA gene sequences (Sibley & Ahlquist 1990 , van Tuinen et al. 1998 . Birds have the ZZ male and ZW female type of sex chromosomes. In most of the carinates, Z chromosomes are the fourth to the sixth largest chromosomes, accounting for about 7% of the genome (Ohno 1967 , Takagi & Sasaki 1974 , whereas the W chromosomes are usually small, heterochromatic and late replicating (Takagi 1972 , Schmid et al. 1989 . By contrast, the morphological differentiation of the W chromosomes is less distinct in the ratites, and the heterochromatization does not occur either , de Boer 1980 , Ansari et al. 1988 , Nishida-Umehara et al. 1999 . Large homologies between the Z and W chromosomes have been revealed in the ratites by comparative chromosome mapping, comparative chromosome painting (ZOO-FISH) and cytogenetic studies on meiotic chromosome pairing of the Z and W chromosomes; however, there are partially non-homologous regions between the Z and W chromosomes (Pigozzi & Solari 1997 , Ogawa et al. 1998 , Nishida-Umehara et al. 1999 , Shetty et al. 1999 . Tinamous are positioned as the sister group of the ratites in the Palaeognathae (van Tuinen et al. 1998 , van Tuinen & Hedges 2001 , Cracraft 2001 . Heterochromatization of W chromosomes has occurred in tinamous, elegant crested tinamou (Eudromia elegans), red-winged tinamou (Rynchotus rufescens) and spotted tinamou (Nothura maculosa), in which half to two-thirds of the W chromosomes are heterochromatic, although there is little morphological difference between the Z and W chromosomes (Sasaki et al. 1980 , Pigozzi & Solari 1999 , 2005 .
Isolation of W chromosome-specific repetitive sequences and their molecular and cytogenetic characterization provides important information on the process and mechanism of avian sex chromosome differentiation. In chicken (Gallus gallus), three Wspecific repeated sequence families have been isolated as components of the W-heterochromatin and molecularly characterized, i.e., the XhoI-family (Tone et al. 1982 , 1984 , Kodama et al. 1987 , EcoRI-family (Saitoh et al. 1991 , Saitoh & Mizuno 1992 and SspI-family sequences (Saitoh & Mizuno 1992 , Itoh & Mizuno 2002 . The copy numbers of the three repeated sequence families are large, and these sequences amount to 70% of the total DNA of the chicken W chromosome (Itoh & Mizuno 2002) . Repeated sequence families that are similar to the XhoI-family sequence of G. gallus have also been isolated from turkey (Meleagris gallopavo) and Japanese common pheasant (Phasianus versicolor), and are called PstI-and TaqI-family sequences, respectively (Saitoh et al. 1989) . The W-specific repetitive sequences are highly diverged between different species as rapidly evolved molecules; therefore they are good molecular cytogenetic markers for estimating phylogenetic relationships in birds. However, molecular cloning of repetitive sequences on the W chromosome is limited to the Phasianidae species, and more extensive studies are necessary to clarify their origins and the process of nucleotide sequence divergence.
Here we report a novel family of repetitive sequences isolated from guinea fowl (Numida meleagris) and Japanese quail (Coturnix japonica). Nucleotide sequence analysis and chromosome in-situ hybridization revealed that they are novel interspersed-type repetitive sequences and amplified sitespecifically on the W chromosomes. The novel repetitive sequence family is categorized as a new type of W-heterochromatin sequences: they are highly conserved through the different orders of Neognathous birds, while they do not cross-hybridize to the genomic DNA of Palaeognathous birds.
Materials and methods

Specimens, cell culture and chromosome preparation
The fibroblast cells collected from skin tissue of C. japonica were cultured in 199 medium supplemented with 15% fetal bovine serum at 39-C in 5% CO 2 . The peripheral lymphocytes of N. meleagris were cultured for 45 h in RPMI 1640 medium containing 15% fetal bovine serum, 1% phytohemagglutinin (HA15, Murex), 3 mg/ml concanavalin A (Sigma) and 10 mg/ml lipopolysaccharide (Sigma) (Suzuki et al. 1999) . The cells were harvested after colcemid treatment for 1 h. The cells were suspended in 0.075 M KCl, fixed in 3:1 methanol:acetic acid, then dropped on glass slides and air-dried. Slides were kept at j80-C until use.
Molecular cloning
Genomic DNA was extracted from the cultured fibroblast cells of C. japonica and the whole blood cells of N. meleagris using standard techniques (Sambrook et al. 1989) . The genomic DNA was digested with 26 restriction endonucleases, ApaI, AseI, BamHI, BglI, BglII, BstXI, DraI, EcoRI, EcoRV, HaeIII, HpaII, HindIII, HinfI, MluI, MspI, NsiI, PstI, PvuII, RsaI, SacI, SalI, Sau3AI, SmaI, TaqI, XbaI and XhoI, size fractionated by 1% and 3% agarose gel electrophoresis, and stained with ethidium bromide. The prominent DNA bands detected thereby were eluted from the gel using a SUPRECi-01 (Takara), cloned into pBluescript II vector (Stratagene), and transferred into TOP10 Escherichia coli competent cells (Invitrogen). The sizes of genomic DNA fragments inserted in the clones were confirmed by electrophoresis of the PCR products that were amplified with T3 and T7 primers, and the clones were used to perform fluorescence in-situ hybridization (FISH).
FISH FISH was performed as described by Matsuda & Chapman (1995) . DNA clones were labeled with biotin-16-dUTP using a nick translation kit (Roche Diagnostics), and ethanol-precipitated with salmon sperm DNA and E. coli tRNA. After hybridization the slides were incubated with FITC-labeled streptavidin (Amersham), and chromosomes were stained with propidium iodide. The FISH images were captured with the 550CW-QFISH application program of Leica Microsystems Imaging Solution Ltd (Cambridge, UK) using a cooled CCD camera (Micro-MAX 782Y, Princeton Instruments) mounted on a Leica DMRA microscope.
Nucleotide sequencing
The cloned fragments whose fluorescence signals were detected on the W chromosomes were used for nucleotide sequencing. Nucleotide sequences were determined using a Thermo Sequenase pre-mixed cycle sequencing kit (Amersham) with Texas Redlabeled T3 and T7 primers and a SQ-5500 DNA sequencer (Hitachi). The nucleotide sequence analysis was performed with the computer software of GeneWorks (Intelligenetics).
Southern blot hybridization
The genomic DNA extracted from four Galliformes species, C. japonica, N. meleagris, G. gallus and blue-crested quail (Coturnix chinensis), was digested with ApaI. The restriction-digested genomic DNA was fractionated on 1% agarose gels by horizontal gel electrophoresis, and the DNA fragments were transferred onto Hybond N + nylon membranes (Amersham). The probes were labeled with digoxigenin-11-dUTP using a PCR DIG Labeling Mix (Roche Diagnostics) and hybridized to the membranes overnight at 42-C in DIG Easy Hyb solution (Roche Diagnostics). The membranes were washed sequentially at 42-C in 2 Â SSC, 1 Â SSC, 0.5 Â SSC and 0.1 Â SSC for 15 min each. The chemiluminescent signals were detected with Anit-Digox- igenin-AP Fab fragments and CDP-Star (Roche Diagnostics), and exposed to BioMax MS Autoradiography Film (Kodak). To examine the genomic organization of the repetitive sequences in detail, the genomic DNA of C. japonica and N. meleagris was digested with seven endonucleases, BamHI, BglII, EcoRI, HaeIII, HinfI, HpaII and MspI, and subjected to Southern blot hybridization. 
SlotYblot hybridization
SlotYblot hybridization was used for examining the nucleotide sequence conservation of the repetitive sequences among different species and for estimating the amount of the repetitive sequences in the genomes of C. japonica and N. meleagris. Genomic DNA was collected from 13 species of six orders: emu (Dromaius novaehollandiae) and lesser rhea (Pterocnemia pennata) of the Struthioniformes, elegant crested tinamou (E. elegans) of the Tinamiformes, C. chinensis, C. japonica, G. gallus and N. meleagris of the Galliformes, Blakiston's fish-owl (Ketupa blakistoni) and Eurasian eagle owl (Bubo bubo) of the Strigiformes, Siberian white crane (Grus leucogeranus) and hooded crane (Grus monacha) of the Gruiformes, and Japanese mountain hawk eagle (Spizaetus nipalensis) and crested serpent eagle (Spilornis cheela) of the Falconiformes. Genomic DNA was extracted from the whole blood cells except in the cases of B. bubo, S. nipalensis and S. cheela, in which DNA was extracted from the cultured fibroblast cells. The genomic DNA was denatured with NaOH, and transferred onto a Hybond N + nylon membrane using BIO-DOT SF blotting equipment (Bio-Rad). The DNA probe was labeled with digoxigenin-11-dUTP using a PCR DIG Labeling Mix, and hybridized to the membrane at 42-C in DIG Easy Hyb solution. The chemiluminescent signals were detected using the same procedure used in the case of Southern blot hybridization.
For estimating the amount of the repetitive sequences in the genome, five different concentrations of female genomic DNA, male genomic DNA and PCR products . Nucleotide sequences of four repeated sequence fragments cloned from N. meleagris (NME-ApaI 9 and NME-ApaI 10) and C. japonica (CJA-ApaI 1 and CJA-ApaI 4). Dots indicate the bases that are the same as those of the NME-ApaI 9 fragment. Hyphens indicate gaps in the nucleotide sequences. One base nucleotide substitution is contained in ApaI restriction sites at positions 1049Y1054 and 1048Y1053 in NME-ApaI 9 and NME-ApaI 10, respectively, which are enclosed in a box. Underlines indicate internal restriction sites as follows: BamHI ( ), BglII (vvvvvvvvvvvvvvv), HaeIII (), HinfI ( ÀÀ ) and MspI(HpaII) (ÀÀÀ ÀÀÀ ).
of the repeated sequence element were prepared for C. japonica and N. meleagris, and used for slotYblot hybridization. The intensities of the hybridization bands on the membrane were estimated and compared using a public domain image processing and analysis program, NIH image (http://rsbweb.nih.gov/nih-image/). 
Results
Molecular cloning of repetitive sequences
Genomic DNA of female C. japonica and N. meleagris was digested with 26 restriction endonucleases, and the prominent DNA bands with sizes of about 1.1 kb and 2.3 kb in the ApaI-digest were isolated for C. japonica and N. meleagris, respectively (Figure 1 ). Nine and ten clones were obtained from C. japonica and N. meleagris, respectively, and used for FISH analysis.
Chromosomal distribution
Painted fluorescence signals were detected on the W chromosomes for two clones of C. japonica (CJAApaI 1 and CJA-ApaI 4) and two clones of N. meleagris (NME-ApaI 9 and NME-ApaI 10), while faint signals were also distributed in the whole genome (Figures 2a,b) . These results revealed that the DNA fragments were interspersed-type repetitive sequences and amplified site-specifically on the W chromosomes. Two clones of N. meleagris hybridized to the interstitial heterochromatic region on the long arm of chromosome 4 (data not shown). No fluorescence signals were detected for the remaining seven clones of C. japonica and six clones of N. meleagris. In N. meleagris, a fluorescence signal was additionally observed on one microchromosome besides the W chromosome (Figure 2b) . The CJAApaI 1 and NME-ApaI 9 fragments interspecifically cross-hybridized to the W chromosomes of N. meleagris and C. japonica, respectively (data not shown). Fluorescence signals were also observed on the W chromosomes of G. gallus and C. chinensis using NME-ApaI 9 as a probe (Figures 2c,d) .
Variations of the chromosomal distribution of the NME-ApaI element were examined for an additional two females and three males of N. meleagris collected from the same breeding colony. Signals on one microchromosome and two microchromosomes were detected in one male and female each and in one female, respectively, while there were no signals on microchromosomes in one male and one female (Figure 3) . The repeated sequence element was also amplified on microchromosomes besides the W chromosome in N. meleagris; however, the sitespecific amplification on microchromosomes varied between individuals.
Nucleotide sequences
The sizes and G+C contents were 1054 bp and 50.2% for CJA-ApaI 1 (Accession No. AB189143), 1048 bp and 49.7% for CJA-ApaI 4 (AB189144), 2335 bp and 50.8% for NME-ApaI 9 (AB189146), and 2335 bp and 50.4% for NME-ApaI 10 (AB189147) (Figure 4) . The nucleotide sequence similarities were 96.5% between CJA-ApaI 1 and CJA-ApaI 4, and 97.6% between NME-ApaI 9 and NME-ApaI 10. There were also high interspecific similarities of the nucleotide sequences between the CJA elements (CJAApaI 1 and CJA-ApaI 4) and the NME elements (NME-ApaI 9 and NME-ApaI 10) in the overlapped regions, ranging from 81.5% to 82.3%. The nucleotide sequences at positions 1049-1054 of NME-ApaI 9 and at positions 1048-1053 of NME-ApaI 10 were FGGGCCT_, and the nucleotide sequences at the same position of CJA-ApaI 1 and CJA-ApaI 4 were FGGGCCC_, which was the sequence of the ApaI restriction site. The difference in the size between the CJA-ApaI and NME-ApaI elements was caused by the ApaI restriction sites that were newly produced by base substitutions in the repeated sequence elements of C. japonica. The two CJA clones isolated in this study were therefore partial fragments of the elements that were equivalent to NME-ApaI 9 and NME-ApaI 10 in N. meleagris.
The nucleotide sequences of CJA-ApaI 1 and NME-ApaI 9 were searched for homology with the DDBJ database (http://www.ddbj.nig.ac.jp). Significant homology was found between CJA-ApaI 1 and an anonymous genomic DNA clone of G. gallus (AC145927), with 82.6% identity in a 1056-bp overlap. There were no nucleotide sequences with significant homology beyond this clone.
Genomic organization of the repeated sequence elements
The NME-ApaI 9 fragment was used as a probe for Southern blot hybridization with ApaI-digested genomic DNA of female individuals of four Galliformes species, G. gallus, C. japonica, C. chinensis and N. meleagris ( Figure 5 ). The genomic DNA of N. meleagris was obtained from the individual with the hybridization signal on one microchromosome. Intensely hybridizing bands were observed at 2.3 kb in all the species, and the molecular size was the same as that for the NME-ApaI 9 fragment. The intense bands at about 1050 bp corresponded to the CJA-ApaI 1 and CJA-ApaI 4 fragments, which were the partial fragments produced by the internal ApaI sites in the repeated sequence elements. This type of the hybridization bands was commonly observed in three of the four species (the exception was G. gallus). These results indicated that the genomic organization of the repeated elements was highly conserved through the Galliformes, and that the internal ApaI sites did not exist in the elements of G. gallus. The hybridization bands with the intermediate size between 2.3 kb and 1050 bp and the bands smaller than 1050 bp might be derived from other ApaI restriction sites that existed internally in the elements. However, no hybridization bands other than 2.3 kb were observed in G. gallus, indicating that the 2.3-kb fragments were basal units of the repetitive sequences and were highly conserved in the Galliformes. The copy number of the NME-ApaI elements was lower in G. gallus than in the other three species.
To examine the genomic organization of the repeated sequence elements in detail, the CJA-ApaI 1 and NME-ApaI 9 fragments were hybridized to the genomic DNAs of C. japonica and N. meleagris digested with seven endonucleases, respectively ( Figure 6 ). The BglII sites were conserved in C. japonica, and three intensely hybridizing bands were observed at molecular weight of 2Y3 kb (Figure 6a ). The multiple bands observed at lower molecular weight in the HaeIII-and HinfI-digests might correspond to the DNA fragments derived from many internal HaeIII and HinfI restriction sites contained in the elements (see Figure 4) . Many intense hybridization bands with size smaller than 3 kb were observed in the MspI digest, while no hybridization bands were found at lower molecular weight in the HpaII digest. Nucleotide sequence analysis revealed that several restriction sites of the two isoschizomers were contained in the CJA-ApaI elements, and thus the lower molecular weight bands corresponded to the DNA fragments derived from the internal MspI sites. MspI cleaves when the CG sequence is methylated, whereas HpaII does not cleave this sequence when the cytosine is methylated. The difference in the hybridization patterns between the HpaII-and MspIdigests therefore indicated that the elements were hypermethylated in fibroblast cells. Similar patterns were observed in the hybridization with NME-ApaI 9 in N. meleagris (Figure 6b ). BamHI and BglII sites were conserved in N. meleagris as well as BglII sites in C. japonica; however, the restriction sites were more conserved in N. meleagris than C. japonica. The extensive hypermethylation was also found in peripheral whole blood cells of N. meleagris.
The amount of the repeated sequence elements in the genome of N. meleagris and C. japonica was estimated by slotYblot hybridization (Figure 7) . The intensities of the chemiluminescence hybridization signals probed with NME-ApaI 9 and CJA-ApaI 1 were compared among the probe DNA and male and female genomic DNA of N. meleagris and C. japonica. The NME-ApaI element represented 0.21% and 0.15% of the female and male genomes of N. meleagris, respectively, and the CJA-ApaI element accounted for 0.47% and 0.28% of the female and male genomes of C. japonica, respectively. The total copy numbers were larger in females than males, indicating that the elements were abundant on the W chromosomes.
Nucleotide sequence conservation in birds
To examine the nucleotide sequence conservation of the repeated sequence elements in avian species, slotYblot hybridization probed with NME-ApaI 9 was performed for 13 species of six orders. The NMEApaI 9 probe cross-hybridized to the genome of the species of the Strigiformes, Gruiformes and Falconiformes as well as the Galliformes (Figure 8 ). The hybridization signals were also found in the male genome of all six species, and the intensities of hybridization bands were not much different between males and females. By contrast, no hybridization signals were observed for S. camelus and P. pennata of the Struthioniformes and E. elegans of the Tinamiformes.
The chromosomal distribution of the repeated sequence elements was examined for the six species of the three orders, K. blakistoni, B. bubo, G. leuco- Figure 7 . Estimation of copy numbers of the NME-ApaI 9 and CJA-ApaI 1 sequence elements in N. meleagris and C. japonica, respectively. Lane 1, NME-ApaI 9; Lane 2, genomic DNA of N. meleagris female; Lane 3, genomic DNA of N. meleagris male; Lane 4, CJA-ApaI 1; Lane 5, genomic DNA of C. japonica female; Lane 6, genomic DNA of C. japonica male. Hybridization was probed with NME-ApaI 9 for lanes 1Y3, and with CJA-ApaI 1 for lanes 4Y6. Figure 8 . Autoradiograph of slotYblot hybridization probed with NME-ApaI 9 to genomic DNA of two Struthioniformes species, one Tinamiformes species, four Galliformes species, two Strigiformes species, two Gruiformes species and two Falconiformes species. DNO; D. novaehollandiae, PPE; P. pennata, EEL E. elegans CCH; C. chinensis, CJA; C. japonica, GGA; G. gallus, NME; N. meleagris, KBL; K. blakistoni, BBU; B. bubo, GLE; G. leucogeranus, GMO; G. monacha, SNI; S. nipalensis, SCH; S. cheela. geranus, G. monacha, S. nipalensis and S. cheela, which produced hybridization signals by slotYblot hybridization. The painted signals probed with NMEApaI 9 were located on the W chromosomes of the Gruiformes and Falconiformes, and weak signals were also detected on the W chromosomes of the Strigiformes (Figure 9 ).
Discussion
We cloned a novel family of interspersed-type repetitive DNA sequences from C. japonica and N. meleagris, which were site-specifically amplified on the W chromosomes. The repeated sequence elements had high similarities of nucleotide sequences (81Y82%) between the two species, and were also conserved in other Galliformes species, G. gallus and C. chinensis. The similarity of Southern hybridization patterns of four species indicates that the genomic organization of the repeated sequence elements is highly conserved, as are their chromosomal locations on the W chromosomes in the Galliformes. Three different types of W-specific repetitive sequences, the XhoI-family (Tone et al. 1982 , 1984 , Kodama et al. 1987 , EcoRI-family (Saitoh et al. 1991 , Saitoh & Mizuno 1992 and SspI-family sequences (Itoh & Mizuno 2002) have been isolated from G. gallus. The XhoI-and EcoRIfamily sequences have about 68% homology, and are characterized by arrays of about 21-bp tandem repeat, which contain (A) 3Y5 and (T) 3Y5 clusters separated by 6Y7 or 6Y8 GC-rich base pairs (Kodama et al. 1987 , Saitoh et al. 1991 . The SspI-family sequence is composed of about 0.5-kb monomer units that are tandemly repeated in the genome of G. gallus. The XhoI-, EcoRI-and SspI-family sequences cover separate parts of the W chromosome. The nucleotide sequences of the three families show distinct genus-specificity, being limited to the genus Gallus and not found in other genera. The novel family of repetitive sequences cloned in this study had no homologies with any W-specific repeated sequence families of the Galliformes, and showed several different features. The repeated sequence elements of C. japonica and N. meleagris were not W-specific but rather interspersed-type repetitive sequences that were distributed throughout all chromosomal regions. No internal repetitions were found, and they were amplified site-specifically on the W chromosomes and distributed in almost the whole heterochromatic regions of the W chromosomes in four Galliformes species (N. meleagris, C. japonica, G. gallus and C. chinensis). The repeated sequences were remarkably hypermethylated as condensed chromatin in the genome, indicating that they may have a role in chromatin organization in interphase nuclei and in the chromosomal architecture of the W chromosome at metaphase. The fluorescence signals were also found on microchromosomes in N : meleagris: The additional signals might be caused by sitespecific amplification of the repeated sequence on autosomes besides the W chromosome, which occurred in the individuals of the breeding colony used in this study. These results indicate that the origin of the novel repeated sequence family is distinctly different from the already-known W-specific repetitive sequences. The repeated sequence element of N. meleagris cross-hybridized to genomic DNA of six species in three other orders of Neognathous birds (the Strigiformes, Gruiformes and Falconiformes), but did not cross-hybridize to genomic DNA of Palaeognathous birds (the Struthioniformes and Tinamiformes). The repeated sequence family is a basal component of the W chromosome, which is highly conserved through Neognathous birds, and is a good molecular cytogenetic marker for phylogenetic relationships of birds.
In the early stage of avian speciation the ancient types of sex chromosomes had not been differentiated morphologically. The primitive types of sex chromosomes have been retained in Palaeognathous birds since the common ancestor diverged into the Palaeognathae and Neognathae (de Boer 1980 , Ansari et al. 1988 , Ogawa et al. 1998 , Nishida-Umehara et al. 1999 , Shetty et al. 1999 . In the lineage of Neognathous birds the W-specific repetitive sequences were amplified with the degeneration of the W chromosome (Charlesworth 1991 , Charlesworth & Charlesworth 2000 , and the divergence of their nucleotide sequences was accelerated as rapidly evolved molecules. By contrast, the repeated sequence family cloned in this study were a non-W-specific interspersed-type of repetitive sequences and are commonly shared in Neognathous birds but not in Palaeognathous birds. These results suggest that the repeated sequence family occurred in the genome of Neognathous birds after the Neognathae and Palaeognathae diverged from the common ancestor 110Y130 million years ago (MYA) and were ampli- Handley et al. (2004) proposed the presence of at least two evolutionary strata in the process of avian sex chromosome differentiation: Z-W recombination ceased in the oldest stratum 102Y170 MYA before the split of Neoaves and Eoaves. The disruption of chromosomal recombination in the second stratum occurred independently in the different lineages between 58 and 85 MYA when the major radiation of the existing Neognathous birds occurred. The sex chromosomes of the ratites are largely homomorphic except for subtle sex chromosome differentiation (Ansari et al. 1988 , Ogawa et al. 1998 , NishidaUmehara et al. 1999 , and no sex-specific forms have been found for the five gametologs. In tinamous the differentiation of the Z and W genes occurred only in SPIN (de Kloet & de Kloet 2003) , revealing that the cessation of recombination between the Z and W chromosomes in the lineage of the Tinamiformes occurred independently from Neognathous species after the ancestors of this order diverged from the ancestors of the ratites approximately 90 MYA (Haddrath & Baker 2001 , van Tuinen & Hedges 2001 . The cessation of recombination, degeneration and heterochromatization in the W chromosome of the Tinamiformes has proceeded farther than that in the ratites. The intermediate type of sex chromosome differentiation in the Tinamiformes between those in the ratites and Neognathous birds is confirmed by cytogenetic observation of meiotic chromosome paring; in R. rufescens and N. maculosa the recombination nodules in the Z and W chromosomal pair are distributed in much longer segments than in Neognathous birds but restricted to shorter segments than in the lesser rhea (P. pennata) (Pigozzi & Solari 1999 , 2005 . In E. elegans the W chromosome is heterochromatic in half to two-thirds of the whole chromosomal region (Sasaki et al. 1980) . No nucleotide sequence similarities were found by slotYblot hybridization between the repeated sequence elements cloned in this study and W-heterochromatin of E. elegans, indicating that the W-heterochromatin of E. elegans is composed of other types of repetitive sequences whose origins are different from them. The present data on the novel family of repetitive sequences are well correlated with the phylogenetic relationships between the Palaeognathae and Neognathae species. The W-heterochromatin might have appeared independently in the lineage of the Tinamiformes after the divergence of the Palaeognathe and Neognathae, and therefore the nucleotide sequences of the W-heterochromatin of the Tinamiformes must be different from those of Neognathous birds. The molecular cloning of the W-specific repetitive sequences of the Tinamiformes and their characterization gives us a clue for clarifying the processes of W chromosome differentiation and heterochromatization in birds.
